Abstract TGFb is a known driver of epithelial-mesenchymal transition (EMT) which is associated with tumor aggressiveness and metastasis. However, EMT has not been fully explored in clinical specimens of castration-resistant prostate cancer (CRPC) metastases. To assess EMT in CRPC, gene expression analysis was performed on 149 visceral and bone metastases from 62 CRPC patients and immunohistochemical analysis was performed on 185 CRPC bone and visceral metastases from 42 CRPC patients. In addition, to assess the potential of metastases to seed further metastases the mitochondrial genome was sequenced at different metastatic sites in one patient. TGFb was increased in bone versus visceral metastases. While primarily cytoplasmic; nuclear and cytoplasmic Twist were significantly higher in bone than in visceral metastases.
Introduction
Castration resistant prostate cancer (CRPC) has a propensity to metastasize to bone and often progresses rapidly in the skeletal system. Epithelial mesenchymal transition (EMT) is known to be responsible for the fibroblastoid and migratory properties of metastatic tumor cells and is a prerequisite for metastasis formation. Evidence of EMT has been observed in prostate cancer (PCa) cell lines [24, 42] , and a number of factors including TGFb, and transcription factors Twist, Zeb1/Zeb2, and Snail/Slug have been implicated in promoting this process in PCa [12, 15, 20, 40, 50] . The hallmarks of EMT have been shown to include the loss of epithelial markers, and the expression of mesenchymal markers. The majority of literature on EMT in PCa has been obtained from studies using PCa cell lines and in primary PCa, not in CRPC. We identified TGFB1 on a gene expression array derived from 62 rapid autopsy patients with metastatic CRPC and noted TGFB1 expression was higher in bone metastases relative to visceral metastases. We verified these findings and then assessed TGFb, Twist, Slug, Zeb1, and vimentin expression on a tissue microarray of bone and visceral metastases from 42 CRPC patients. Each of these factors has been independently reported to be intimately involved in the process of EMT in the literature, but it is unclear if all of these factors play a role in EMT in CRPC [6, 15, 16, 34, 43, 47] . Furthermore, it has been suggested that expression profiles of these EMT-related proteins may be used to predict biochemical recurrence after radical prostatectomy for PCa [3] . We sought to (1) evaluate the presence and prevalence of cells undergoing EMT in CRPC metastases, (2) demonstrate the expression of these EMT-related proteins in CRPC metastases, (3) assess whether the site of metastasis could influence the prevalence of cells undergoing EMT in skeletal and visceral metastases and (4) use a mitochondrial DNA signature highlighting the biological significance of cells undergoing EMT in metastases that have the potential to seed additional metastases.
Materials and methods

Reagents
The antibodies used in this study and the working conditions are listed in Supplemental Table 1 .
Tissue acquisition
Samples were obtained from patients who died of metastatic CRPC and who signed written informed consent for a rapid autopsy performed within 6 h of death, under the aegis of the Prostate Cancer Donor Program at the University of Washington [25] .
Tissue microarray construction
Human tissue microarrays were constructed using the Beecher Instruments Tissue-Arrayer TM (Beecher Instruments); the first consisting of 27 benign, 25 Gleason pattern 3 prostate carcinoma, and 15 Gleason pattern 4 prostate carcinoma. The second consisted of two replicate 1 mm cores of 65 visceral metastases (35-lymph node; 18-liver; 6-lung; 2-adrenal; 1-brain; 1-periaortic mass) and 120 bone metastases from 42 patients with CRPC as described previously [49] . Thirty-one of the 42 patients had matched bone and visceral metastases, 4 had only visceral metastases represented, and 7 had only bone metastases represented.
RNA isolation
One hundred and forty-nine CRPC metastases from 63 patients were collected at rapid autopsy and stored at -80°C in OCT (Tissue-Tek). Eight micron frozen sections were placed onto PEN Membrane Frame Slides (Life Technologies) and immediately fixed in 95 % ethanol, briefly stained with Mayer's hematoxylin solution (SigmaAldrich) then dehydrated in 100 % ethanol. Laser capture microdissection was performed with an Arcturus Veritas instrument, using both UV cutting and infrared capture lasers, with CapSure Ò Macro LCM Caps (Life Technologies) collecting 5000-10,000 tumor cells per sample. Digital photographs were taken of tissue sections before, during, and after LCM and assessed by a pathologist to confirm the tumor content. Following LCM, captured cells were lysed in Arcturus RNA Extraction Buffer. RNA was isolated using the Arcturus PicoPure RNA Isolation Kit and the samples were DNAse treated using the Qiagen RNaseFree DNase Set. Subsequently, RNA was amplified for two rounds using the Ambion MessageAmp aRNA Kit [22] . Bone metastases (n = 20) could not be laser captured, as the frozen tissue could not be sectioned. A 1 mm core was obtained from each of 20 bone metastases frozen in OCT that had been previously identified based upon review of H&E sections from corresponding paraffin embedded blocks, adjacent areas of tumor were cored out of the frozen tissue blocks using a 1 mm diameter tissue punch in a -20°C cryostat. These cores were then stored at -80°C. Following the manufacturer's instructions, RNA was isolated from the tissue cores using RNeasy Plus Micro Kit (Qiagen). Tissue cores were placed in Buffer RLT Plus with b-mercaptoethanol and homogenized with a disposable hard tissue homogenizer tip (Omni International). The purity and yield of the RNA were determined on a NanoDrop by using the sample absorbance at 260 nm and 280 nm, both normalized to the background 340 nm. RNA integrity was assessed on an Agilent 2100 Bioanalyzer.
Microarray hybridization
Agilent 44K whole human genome expression oligonucleotide microarrays (Agilent Technologies Inc) were used. Probe labeling and hybridization was performed following the Agilent suggested protocols and fluorescent array images were collected using the Agilent DNA microarray scanner G2565BA.
Realtime PCR TGFB1 transcript levels were measured using quantitative reverse transcription-PCR (qRT-PCR) in triplicate reactions using 5 ng first strand cDNA, 0.2 lmol/L of each primer, and Power SYBR Green PCR master mix (Applied Biosystems). We normalized mean cycle threshold (Ct) to a housekeeping gene, RPL13A, in the same sample using the DCT method. 
Gene expression and pathway analyses
Data were loess normalized within arrays and quantile normalized between arrays by batch in R using the Limma Bioconductor package. Systematic batch effects were normalized by application of the ComBat function within the sva Bioconductor package to the log2 Cy3 signal intensities. Samples with poor microarray hybridization signals were removed. Data were filtered to remove probes of poor quality hybridization or with mean signal intensities below 200. Groups were compared using the limma package in R with an eBayes moderated t test including patient as a factor in the model. Microarray data are deposited in the Gene Expression Omnibus database under the accession number (GSE74685). Ingenuity pathway Analysis (IPA) was conducted on the 298 differentially expressed genes between bone and visceral tissues based on SAM score C3. Upstream regulator analysis was conducted in the IPA to identify the potential key upstream regulators of these 298 genes.
Immunohistochemistry (IHC)
All specimens were formalin fixed and embedded in paraffin respectively (bone metastases were decalcified in 10 % formic acid before paraffin embedding). Five-micron TMA sections were deparaffinized and rehydrated in sequential xylene and graded ethanol series. Antigen retrieval was performed in 10 mM citrate buffer (pH 6.0) in high pressure cooker (15 psi) for 30 min. Endogenous peroxidase and avidin/biotin were blocked respectively (Vector Laboratories Inc.). Sections were then incubated with 5 % normal goat-horse-chicken serum for 1 h at room temperature, followed by primary antibody (Supplemental Table 1 ), biotinylated secondary antibody (Vector Laboratories Inc.) and ABC reagent (Vector Laboratories Inc.) incubation. Stable DAB (Invitrogen Corp.) was used as chromogen. All sections were lightly counterstained with hematoxylin and mounted with Cytoseal XYL (Richard Allan Scientific). Mouse or rabbit IgG was used at the same concentration as the primary antibody as negative controls.
Immunohistochemical assessment
Immunostaining was assessed using a quasi-continuous scoring system, created by multiplying each optical density level (''0'' for negative stain, ''1'' for faint/equivocal stain, and ''2'' for definitive stain) by the percentage of cells at each staining level. The sum of the 3 multiplicands provided a final score for each sample (score range was 0-200). The score for each sample was the average of the scores of each duplicate. Cytoplasm and nuclei were evaluated separately. The scores were categorized as ''none'' (score range: 0), ''weak'' (score range: 1-100), ''moderate'' (score range: 101-150) and ''intense'' (score range: 151-200). Samples with missing or damaged cores were excluded from analysis.
Mitochondrial genome DNA sequencing
The entire mitochondrial genome was sequenced in normal muscle, normal kidney, the primary prostate tumor, and 15 different metastases from one patient by first PCR amplifying the mtDNA with 28 pairs of primers, as previously described [37] . Clonally expanded mutations were scored only when the sequence of the primary or metastatic mtDNA differed from that of the normal tissue. All regions with detected mutations were reamplified and sequenced to rule out the possibility of the mutations being produced by polymerase errors during the PCR or sequencing processes. In addition, to guard against the sample mix-up and contamination that has confounded many mtDNA mutation studies [33] , we compared sequences of patient-matched tissues to the revised Cambridge Reference Sequence (rCRS) to confirm they shared common polymorphisms.
Statistical analysis
The statistical analysis of microarray (SAM) program was used to analyze expression differences between groups using unpaired, two-sample t tests and controlled for multiple testing by estimation of q-values using the false discovery rate (FDR) method [38] . Significance of differences for the IHC analyses were calculated using a students t test, with p values B0.05 indicating statistical significance.
Results
TGFb gene and protein is expressed at higher levels in bone metastases relative to visceral metastases in CRPC
One hundred and forty-nine CRPC metastases divided into visceral metastases (n = 129) and bone metastases (n = 20) were available for gene expression analysis. The gene expression analysis demonstrated that TGFB1 was more highly expressed in bone versus visceral metastases (3.6 fold) (Fig. 1a) . Realtime PCR of a subset of the CRPC metastases divided into visceral metastases (n = 39) and bone metastases (n = 20) verified the gene expression analysis data (p = 0.003) (Fig. 1b) from 42 CRPC patients we showed that TGFb was significantly higher by IHC in bone metastases relative to visceral metastases (p \ 0.001) (Fig. 1c) . In addition, the expression of TGFb was present throughout the epithelial component of a bone metastatic site, or was more highly expressed in regions containing cytokeratin positive cells that had a mesenchymal like phenotype (elongated nuclei and cytoplasm). This differential expression is highlighted in Fig. 1c and Supplemental Fig. 1 . These data led us to conclude that TGFb was more highly expressed in CRPC bone metastases, and suggested that other EMT-associated proteins could also be highly expressed in bone metastases relative to visceral metastases. However, it is important to note that there was a subset of visceral metastases (that were not tissue specific) that displayed little to no expression of TGFB1/TGFb in the realtime-PCR and IHC analysis that may account for this difference (Fig. 1b, c) .
Twist is associated with a fibroblast-like epithelial phenotype in CRPC bone metastases
Increased expression of both TGFb and Twist are associated with the cadherin switch in EMT and play an important role in the development of PCa [23] . The role of Twist in the down-modulation of E-cadherin is well-established and Twist expression has been shown to predict the metastatic potential of primary PCa [46] . Inactivation of Twist suppresses the migratory and invasive abilities of PCa cells and this is correlated with induction of E-cadherin expression as well as morphologic and molecular changes associated with mesenchymal to epithelial transition (MET) [21] . Nuclear Twist and Twist at the invasive margin of a primary tumor is associated with increasing Gleason grade and recurrence in primary PCa [21, 30] (Fig. 2a) . (Fig. 2a) . Additionally, using TMAs of metastatic CRPC bone (n = 117) and visceral metastases (n = 65) we determined both nuclear and cytoplasmic Twist were significantly higher in bone when compared to visceral metastases (p \ 0.05). Further, we observed that only a small proportion of samples had nuclear Twist (Fig. 2b) . Importantly, the tumor cells in the bone metastases that expressed nuclear Twist had a more mesenchymal phenotype while retaining cytokeratin expression (Fig. 2b) . We wanted to determine why only a small number of metastases on the TMA expressed nuclear Twist. Was it because (1) a limited number of CRPC metastases have nuclear Twist, or (2) nuclear Twist is present in a subset of tumor cells? To address this question, 1.1 cm (diameter) CRPC metastatic bone biopsies were stained for Twist. Regional expression of nuclear Twist could be observed in a subset of fibroblast-like cells. To ensure the subset of fibroblast-like cells expressing nuclear Twist were epithelial we cut and stained serial sections. The elongated fibroblast-like cells with elongated nuclei were PAN-cytokeratin positive and positive for nuclear Twist. The cells were generally associated with adjoining regions of epithelial cells with a more epithelial phenotype, rounded nuclei and in many cases displaying cytoplasmic rather than nuclear Twist expression (Supplemental Fig. 2 ).
Slug and Zeb1 are also associated with a fibroblastlike epithelial phenotype in CRPC bone metastases Snail/Slug and Zeb1/Zeb2 are transcription factors that repress E-cadherin [2, 6, 14, 39] . Slug and Zeb1 are wellknown transcription factors downstream of TGFb and Twist and there is a plethora of literature relating the role of Slug in EMT, cell proliferation and invasiveness of metastatic PCa cell lines [15, 41, 48] . Zeb1 expression is seen in highly aggressive PCa cells and correlates directly with Gleason grade in human prostate tumors [1] . Additionally, the reversal of the EMT phenotype in PC3 cells has been associated with the down-regulation of ZEB1, ZEB2, and SLUG [11, 12] . Similar to Twist, the majority of literature on Slug and Zeb1 activity is based on the analysis of primary PCa, cell culture, and xenograft studies. To our knowledge, it has not yet been assessed in a large cohort of CRPC bone and visceral metastases. Similar to Twist, the majority of bone and visceral metastases on the tissue microarrays expressed cytoplasmic Slug and Zeb1, with a minority displaying nuclear localization of the proteins. Unlike Twist we did not observe differential expression of Slug or Zeb1 in bone versus visceral metastases; with the exception of nuclear Zeb1 being significantly higher in visceral metastases (p \ 0.05) (Figs. 3, 4) . We further examined whole sections of CRPC bone metastases to determine if, similar to Twist, a population of epithelial cells with an EMT-like morphology displayed Slug and Zeb1 nuclear localization in CRPC bone metastases. Nuclear localization of Slug and Zeb1 was observed in a subset of fibroblast-like cells that were positive for cytokeratin, typically observed on the periphery of a tumor mass close to the stromal compartment (Supplemental Figs. 3, 4) .
Absence of vimentin in the epithelial compartment of CRPC metastases
In addition to demonstrating the absence of epithelial markers in EMT, the presence of certain mesenchymal cell markers is commonly used to identify cells that have completed the transition. Vimentin is one such marker that correlates with the down-modulation of epithelial cytokeratins and is said to be a marker of the mesenchymal state of 'completely transitioned' cells [4, 16] . However, while vimentin was present in the stromal compartment of the CRPC metastases, no vimentin was observed in the epithelial compartment (Supplemental Fig. 5 ).
Mitochondrial DNA sequencing underscores the biological relevance of EMT-like tumor cells in CRPC metastases
It could be argued that the EMT-like cells in the CRPC metastases are not highly relevant as all of the metastases in a given patient have already seeded from the original primary tumor. However, if metastases can seed new metastases then the presence of EMT-like cells in established metastases could be a potential target for therapy. Since mitochondrial DNA can accumulate mutations over time, we focused on using mitochondrial DNA to map the spread of tumor cells in a patient. We reasoned that any mitochondrial mutations present in the primary tumor would be present in all metastasis in a given patient. However, any additional mitochondrial mutations that accumulated in a given metastasis would only be present in other metastases if they were derived from that metastasis rather than the primary tumor. Therefore, if additional mitochondrial mutation(s) were present in multiple metastases this would provide evidence that metastases could seed new metastases. To this end, we used mitochondrial DNA mutational spectra to map the spread of tumor cells in a patient to determine whether metastases can seed further metastases in a given patient. To identify the mitochondrial DNA mutational spectra in CRPC metastases, mitochondrial DNA was sequenced in one patient from the primary tumor, 15 different metastases, and normal muscle and kidney to obtain the germ line consensus sequence in an individual patient (Table 1 ; Supplemental Fig. 6 ). No mutations were observed in the germ line consensus sequence from normal tissues. Importantly, a somatic mutation in the ND1 gene was identified in the primary prostate cancer in the patient. Five metastases displayed the same mutation in the ND1 gene. Eight further metastases possessed the same mutation in the ND1 gene and acquired an additional mutation in the ND5 gene. Two further independent metastases had acquired the ND1 and ND5 mutation and gained two Fig. 3 Slug, a known transcription factor for EMT-related proteins, is not differentially expressed in bone versus visceral metastases, but is seen in a subset of cells displaying EMT-like behavior. Expression of Cytoplasmic and nuclear Slug expression is not significantly different in bone metastases vs visceral metastases. Staining intensities (intense, moderate, weak, or no staining) are described in the inset in Fig. 1 . Patients-represents the number of patients represented, sites-represents the number of metastases. To highlight the epithelial phenotype, images of serial sections of a bone metastasis stained for Slug and Pan-cytokeratin are shown to the right. White arrows highlight epithelial cells with elongated nuclei and the black arrows highlight cells with round nuclei. Bar = 40 microns Fig. 4 The transcription factor Zeb1, another important driver of EMT is also seen in the nuclei of a subset of cells displaying EMTlike behavior but was not differentially expressed in bone versus visceral metastases. Cytoplasmic and nuclear Zeb1 expression is not significantly different in bone metastases vs visceral metastases. Staining intensities (intense, moderate, weak, or no staining) are described in the inset in Fig. 1 . Patients-represents the number of patients represented, sites-represents the number of metastases. To highlight the epithelial phenotype, images of serial sections of a bone metastasis stained for Zeb1 and Pan-cytokeratin are shown to the right. White arrows highlight epithelial cells with elongated nuclei and the black arrows highlight cells with round nuclei. Bar = 40 microns independent mutations in a tRNA gene and the ND2 gene. These data point to the acquisition of novel mitochondrial mutations as the tumor cells metastasized from one site to another, underscoring the ability of an individual metastasis to seed further metastases in this CRPC patient.
Discussion
EMT provides a cytoarchitecture that is permissive for greater epithelial cell motility. In PCa this process has been associated with increased migratory and invasive potential and has been interrogated in a considerable number of model systems. While there is ample evidence that EMT can occur in vitro with cancer cell lines, there is some debate on the occurrence of EMT in neoplasia and little evidence of EMT occurring in PCa patients [19, 26, 36] . Our data suggests that a subset of PCa cells in a CRPC metastasis, especially bone metastases, can undergo partial-EMT retaining aspects of their epithelial phenotype while morphologically resembling a more fibroblast-like cell. These EMT-like cells were associated with an epithelial component within the tumor mass that did not share the fibroblast-like phenotype. The epithelial component present in the metastases might have been derived from tumor cells that underwent an EMT-like transition, disseminated from the primary tumor to the site of metastasis and have reverted back to a more epithelial phenotype undergoing mesenchymal-epithelial transition (MET). There is evidence for MET in breast cancer [7] . However this is a topic for discussion in PCa, with conflicting publications suggesting higher and lower expression of E-cadherin in PCa bone metastases when compared to primary tumors [5, 9, 32] [27]. Putzke et al., in a more comprehensive set of CRPC bone metastases has shown significantly higher E-cadherin expression in bone versus lymph node or visceral metastases, with considerable variation in the expression of E-cadherin in bone metastases [28] . We propose that partial-EMT is occurring in a subset of epithelial cells that have disseminated to the bone, typically located on the periphery of the tumor mass. TGFb initiates EMT in mature epithelial cells through autocrine and paracrine activation of intracellular signaling molecules that trigger transcriptional reprogramming of the cell [47] . Maintenance of autocrine activity is required for TGFb signaling which, along with other oncogenic pathways, has been suggested to sustain the mesenchymal phenotype of metastatic tumor cells [47] . A number of studies have shown that inhibition of TGFb can reduce the metastatic and/or invasive properties of cancer presumably by preventing activation of EMT pathways [13, 35, 44] . As stated previously, TGFb induces EMT to stimulate cancer The mitochondrial genome was sequenced from two normal tissues, the primary tumor, and fifteen separate metastases in a castration-resistant prostate cancer patient. Somatic mtDNA mutations were discovered in four genes among the metastases: ND1 (4048 G progression. We observed significantly more TGFb in CRPC bone metastases than in visceral metastases and TGFb was associated with a more fibroblast-like epithelial phenotype. Twist is a transcription factor that down-regulates E-cadherin expression. Our IHC analysis of Twist in primary PCa is consistent with a previous report showing that nuclear Twist is associated with increasing aggressiveness in the epithelium of primary PCa [46] . Further, we have shown that the majority of CRPC bone metastases were Twist positive with a subset of nuclear Twist positive epithelial cells displaying a fibroblast-like phenotype. It is important to note that while Twist was expressed in the majority of CRPC bone metastases, as a nuclear transcription factor it might only be transcriptionally active in a subset of epithelial cells where Twist is localized to the nucleus. We hypothesize here that the fibroblast-like nuclear Twist positive epithelial cells in the bone metastases have the ability to seed secondary metastases in PCa.
In addition a similar subset of fibroblast-like epithelial cells also express EMT regulating transcription factors, Slug and Zeb1. Twist, Slug, and Zeb1 are all transcription factors that regulate E-cadherin expression during development [18] . It is noteworthy that Twist, Slug and Zeb1 were localized to the nucleus of fibroblast-like epithelial cells, highlighting their potential for repressing E-cadherin, loosening cancer cell adhesion therefore facilitating metastases during PCa progression.
Our data demonstrate that TGFb and the EMT-related transcription factor Twist, but not EMT regulators Slug and Zeb1 are more highly expressed in CRPC bone metastases than visceral metastases, potentially explaining the high frequency and rapid progression of skeletal metastatic disease. More importantly our data show that while a considerable number of metastases express EMT-associated factors, that these factors may only be active in a subset of cells at any given time. Therefore when assessing the presence or absence of an EMT-like phenotype in patient samples it is important to further investigate the localization of the protein and the morphology of the tumor cells relative to their counterparts in the tumor mass.
We recognize that not all of the CRPC metastases in this study expressed high levels of Twist, Slug, and Zeb1. This heterogeneous phenotype in CRPC metastases is consistent with a previous report [31] . It may be that in some cases Twist may be expressed where Slug and/or Zeb1 are not, some metastases could be highly differentiated leading to decreased or limited expression of TGFb, Twist, Slug or Zeb1. Whether the expression of these factors impacts the rate of metastatic spread remains to be seen.
It has been suggested that if EMT is an early event, one may not have an opportunity to intervene [26] . However, the staining of the CRPC bone metastases has provided evidence that in late stage disease, a subset of epithelial cells can retain the partial-EMT phenotype. Additionally, we detail using the mitochondrial genome in one CRPC patient with multiple metastases that the addition of new mutations to the mitochondrial genome maps out the stepwise progression in the evolution and development of new metastases from previously established metastases. The potential for a metastasis to seed further metastases highlights a potential role for the EMT-like cells in the seeding of new metastases in late stage disease. Our data suggest that while partial-EMT may occur during dissemination from the primary site, that there is a subset of epithelial cells in CRPC bone metastases that still retain the characteristics of motile epithelial cells that are undergoing partial-EMT with the potential to seed new metastases. This highlights the unique potential opportunity to target tumor cell dissemination and prevent the emergence of additional metastases in patients with disseminated disease.
